Introduction 25 The central complex (CX) of the insect brain plays an important role in a variety of different behaviors, 26 including the fine control of motor movement and spatial orientation (Martin et al., 1999 . Four bilateral pairs of lineages, DM1-DM4, located in the posterior brain cortex (top), generate the columnar neurons whose axons (grey lines oriented along the vertical axis; filled circles symbolize terminal arborizations) interconnect the compartments of the central complex along the antero-posterior axis in a strict homotopic order. The spatial pattern of DM1-4 is reflected in the position at which their corresponding tracts enter and terminate within the CX, as indicated by the coloring scheme. The four lineages subdivide the CX neuropils into four quadrants; projections of all neurons belonging to one lineage (with the exception of the pontine neurons) are confined to one quadrant. The lineage located furthest laterally, DM4 (yellow), innervates the ipsilateral lateral quadrant; DM3 projects ipsilateral medially (red), DM2 contralateral medially (green), and DM1 contralateral laterally (blue). Columnar neurons are further subdivided into numerous classes according to their projection. The three examples shown include the PB-EB-LALgall neurons (1; hatched line with wide gaps), PB-FB-NO neurons (2; hatched line with narrow gaps) and pontine neurons (3; solid line). These classes may encompass different sublineages, as indicated by small arrows radiating out from the neuroblasts (top). Pontine neurons, as the only class of DM1-4-derived neurons, are restricted to the FB where they interconnect two quadrants. Apart from the columnar neurons, tangential neurons (a, b, c; thick hatched horizontal lines) project across all columns of the CX compartments, and provide input from the lateral brain. Right Within this bundle, axons of small undifferentiated neurons ("SU axon") form coherent contingent of thin, electron dense fibers; they are surrounded by thicker and typically more electron-lucent axons of differentiated neurons ("regular axon"). (C) Histogram showing size distribution of differentiated neurons (grey; number counted =) and SU neurons (orange: all SU neurons of right brain hemisphere; n =; yellow: SU neurons forming fan-shaped body primordium (prFB); n =). Units on horizontal axis are in m2 and represent area of cut surface of cell body. (D) Confocal section of brain cortex of first instar larva. Antibody against Neuroglian labels primary neurons (white); anti-Deadpan labels neuroblasts which at this stage start to enlarge and divide. Note clusters of small cell bodies (SU neuron) interspersed among large, differentiated cells. (E) Electron micrograph of cell body of SU neuron, featuring abundant heterochromatin and extremely thin rim of cytoplasm surrounding round nucleus. (F, F') 3D digital model of part of one primary lineage (BAlc), illustrating structural aspects of SU neurons. BAlc includes local interneurons and projection neurons connecting the antennal lobe with higher brain centers (Berck et al., 2016) . Shown are one differentiated projection neuron (mPN iACT A1 white) and one differentiated local interneuron (Broad D1:grey) whose dendritic arborizations outline the antennal lobe; the axon of the projection neuron follows the antennal lobe tract. Shown in yellow are the SU neurons which were identified for BAlc. They each form an unbranched axon that follows the axons of the differentiated neurons as they enter the antennal lobe neuropil (black arrow in F') and extends into the antennal lobe tract (grey arrow in F') where they end approximately midway (white arrow in F). The model is presented in lateral view; anterior to the left, dorsal up. The mushroom body (MB) is outlined in grey for spatial reference. (G, H) Electron micrographs show club-shaped endings of SU axons, featuring membrane lamellae (G) and short filopodia (H). (I) Electron micrograph of mushroom body cortex. Shown are two cell bodies of differentiated neurons (MBdiff) located next to two young neurons (MByoung). These show similar size and chromatin structure as differentiated neurons. Bars: 1 m (A, E, I), 0.25 m (B, G, H), 2 m (D), 5 m (F) young MB neurons does not differ in size or chromatin structure from that of fully differentiated 140 neurons ( Fig.2I ). This finding supports the idea that young MB neurons, unlike the SU neurons of 141 other lineages, do not enter a prolonged phase where differentiation is arrested; instead, they go 142 directly into differentiation mode and become integrated into a growing mushroom body circuitry. 143 SU neurons are found scattered throughout the brain, but with higher density in the dorsomedial 144 area, where they form large, coherent clusters ( Fig.3A-C ). SU neurons amount to a significant fraction 145 (more than 25%) of the overall number of primary neurons of the brain (Table 1) . Almost every 146 lineage-associated primary axon tract possesses between one and more than 10 of SU axons ( Fig.3C; 147 Table 1 ). Comparison between left and right brain hemisphere showed that the exact number of SU 148 neurons accompanying lineages is relatively invariant (Table 1) . 149 Axons of SU neurons of a given lineage typically form a tight sub-bundle, often near the center 150 of a given PAT (Fig.2B ). The trajectories of these SU tracts in all cases matched the pathway followed 151 by primary neurons, as exemplified for the lineage BAlc, forming the antennal lobe tract, in Fig.2F . 152 Based on these trajectories we were able to identify the PATs reconstructed from the L1 EM stack 153 with lineages defined for the first instar larval brain in previous works (Hartenstein et al., 2015) . The 154 first instar larval brain features more than 50 discrete PAT fiber bundles with characteristic neuropil three other SU axons join the bundle. One of these is derived from another type II lineage, CP2 179 (DL1); the other two originate as part of the lineage DPMm2 ( Fig.4E, F) . 180 For late larvae, the pointed enhancer fragment Gal4-driver R45F08-Gal4 has been reported to be 181 expressed in small subpopulations of neurons of DM lineages whose axons form a glia-covered 182 commissural structure that will enlarge into the fan-shaped body, and was therefore called fan-183 shaped body primordium (prFB; Riebli et al., 2013) . In first instar larvae, R45F08-Gal4 highlights 184 four paired clusters of neurons in the dorso-medial brain whose axons form a thin tract that, in 185 regard to size, central location within the brain commissure, and glial enclosure corresponds to 186 the structure identified electron microscopically ( Fig.4J-L) . We conclude that the fan-shaped body 187 primordium is formed in the embryo by four paired sets of small undifferentiated neurons which 188 we will call "fan-shaped body pioneers" (FB pioneers) in the following. Right side of (E) shows groups of SU neurons whose axon bundles can be identified with the lineage tracts on left side; note for example axon tract of DALcl which approaches the spur from laterally, and then bifurcates to continue dorsally and ventrally of the spur (white arrowheads). The example pointed out by white arrows represents the tract of BAmd1 which approaches the medial lobe from anteriorly and then bifurcates into a dorsal and ventral branch; both branches turn medially to form distinct commissural tracts. For all abbreviations see Table 1 . Bars: 20 m type II lineage, CP2 (DL1); the other two originate as part of the lineage DPMm2 ( Fig.4E , F). 
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In conjunction with R45F08-Gal4, these markers allowed us to discern the distribution of pontine 235 versus uni-columnar neurons in the prFB of the late larva, as presented below. 236 In the late larva, the fan-shaped body primordium occupies a sizeable volume as a result of the 237 ingrowth of secondary axons, in conjunction with the formation of tufts of filopodia that prefigure the prNO (Fig.6R, S) . Axons of these neurons form thick chiasmatic fiber systems that extend in 260 between the ventral surface of the prFB and the prNO of either side (Fig.6R ).
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Ablation of the FB pioneers 262 Given the early appearance of precursors of the pontine system, and its intimate spatial relation-263 ship with the subsequently generated unicolumnar neurons, we sought to establish the effect 264 of ablating the former by using the R45F08-Gal4 construct to express UAS-hid;rpr in the FB pio- of "wavy", thin bundles (Fig.7A, C) , appeared as thick, smooth cable of axons (Fig.7D, F) . We conclude 275 that FB pioneers, possibly by establishing an early connection between the left and right half of 276 the prFB through their crossing axons, play a structural role in pulling these halves together into a 277 united structure (Fig.7I, J) . Aside from this function, there does not appear to be an effect on the 278 formation and pathway choices of the later born secondary axons: these split into several sub 279 bundles and projected into the prFB in a pattern that showed no gross abnormalities compared to 280 the control (Fig.7G, H) . This result suggests that axonal pathfinding of the two systems of small field 281 neurons of the central complex, i.e., the uni-and bi-columnar neurons, is controlled independently. into existing larval circuits, possibly leading to disruptions in functioning of these circuits. It is 315 conceivable that the occurrence of primary SU neurons can be explained by the same reasoning. 316 Based on their (mostly) superficial position, we assume that primary SU neurons are born during 317 the final rounds of embryonic neuroblast divisions. It could be speculated further that there is a 318 "cut-off" line that limits neurons' ability to commence differentiation, and that this cut-off line falls 319 before the time interval during which primary SU neurons are born, thereby preventing the latter 320 from differentiating. 321 In support of the notion that the presence of SU neurons is an attribute of holometabolous 322 insects, such cells have not been observed in locusts or other hemitabolans for which neuro- 330 Drosophila SU neurons described in this paper exhibit structural characteristics that are similar 331 to those described for neuronal precursors in the developing vertebrate brain. Thus, postmitotic 332 neuronal precursors of the neocortex or hippocampus, while migrating along radial glia, are small, 333 electron-dense cells with hetero-chromatin-rich nuclei and scant cytoplasm. Typically, they exhibit 334 a bipolar shape, extending a leading and trailing process that are in contact with the radial glia 335 (Eckenhoff and Racic, 1984). The same phenotype is observed in neuronal precursors ("D-cells") 336 that are generated in the subgranular zone of the hippocampus in adult mammals (Seri et al., glia, located close to the brain midline, make up the interhemispheric ring. Processes of these glial 383 cells assemble into an invariant pattern of sheaths around several individual commissural bundles. 384 Posteriorly, glial processes form two channels, a ventral one containing the great commissure, and 385 a dorsal one, dedicated to the prFB (Lovick et al., 2017; this paper) . This dorsal channel conducting 386 the prFB stands out by a pair of glial nuclei attached to its posterior-medial wall (Fig.4) ; we could 387 unequivocally identify a pair of glial nuclei at that position in the serial EM stack (Fig.4) . As the larva 388 grows and secondary tracts of DM1-4 are added to the FB pioneer bundle, the glial channel widens. 389 This volumetric increase continues throughout metamorphosis, and eventually the interhemispheric Table 1 ). This neuron projects a short axon along the primary tract, but does not reach the EB 468 primordium described for the late larval stage in previous works (Lovick et al., 2016; . Two Single-cell analysis of the differentiated SU neurons in the adult was conducted using the multicolor 510 flip-out (MCFO) method described previously (Nern et al., 2015) . Flies of the genotype R57C10-Flp-511 2::PEST,su(Hw)attP8::HA_V5_FLAG_1 were crossed to R45F08-Gal4 to generate the required progeny. 512 The cross was kept at 25°C under normal light/dark cycle. 1-3 day adults were dissected, stained 513 and imaged to screen for single-cell labeling of R45F08-Gal4-positive pontine neurons. chosen. Subsequently, the length of the longest and shortest radius was obtained by using a tool of 564 CATMAID this gives the radius in nm. The average radius was taken to calculate area. 565 Table 1  Table 1 . Tabular representation of all SU neurons of the first instar (L1) larval brain ordered by lineages (see also supplementary Figures S2-S9 for graphic representation). SU neurons of a given lineage are clustered in a cohesive tract, the primary axon tract. These tracts provide useful landmarks for the ongoing analyses of the L1 brain circuitry using the CATMAID L1 serial TEM dataset. Column to the left lists names of lineages or lineage pairs/small lineage groups (see Hartenstein et al., 2015) . Columns 2 and 6 give numbers of SU neurons associated with corresponding lineages of the right hemisphere and left hemisphere, respectively. Columns 3-5 and 7-9 show the coordinates of the neuropil entry points of the SU-defined primary axon tracts for the right hemisphere and left hemisphere, respectively. The origin (z=0/x=0/y=0) represents the anterior/right/dorsal corner of the virtual cuboid that encloses the data set. The units for z is section number (z=0 corresponding to most anterior section; section thickness = 45nm); x and y indicate pixels, with each pixel corresponding to approximately 3.8nm. The two columns to the right show how SU neuron populations are currently annotated in the CATMAID data stack.. 
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